Abstract. Eutrophication remains one of the foremost impacts of industrialization and population expansion on aquatic ecosystems worldwide. Selecting metrics for assessing the manner in which communities and biogeochemical processes respond to nutrient fertilization is an ongoing management challenge critical both for detecting changes and for monitoring recovery of impaired environments. A key limitation to the selection of response variables is the lack of consistent evaluation of metrics under the same conditions in multiple systems across ecoregions. Here we report the results of nutrient-diffusing agar fertilization experiments conducted simultaneously in 30 streams in two distinct ecoregions of California, USA: the mountainous Sierra Nevada and the coastal chaparral of Santa Barbara county. In each experiment we evaluated algal community shifts across five nutrient delivery rates using multiple response variables at the ecosystem process (respiration and primary production), community (biomass and diversity metrics), functional group (nitrogen fixing, growth form, nutrient adaptation), and taxonomic group (indicator species, genera, families) levels of ecological organization. We used mixed-effect general linear models to quantify the magnitude, sensitivity, and consistency of responses among streams within and across ecoregions to provide an objective assessment of the potential for each variable to describe and detect significant changes in algal community characteristics. Our results indicate that ecosystem-and community-level variables showed significant and consistent nutrient responses among diverse streams and across the two ecoregions, while indicator taxa and functional groups were less likely to respond consistently to nutrient enrichment. We discuss the relevance of our findings to the ongoing development of monitoring and bioassessment strategies for aquatic eutrophication.
INTRODUCTION
Eutrophication, high productivity driven by the excessive input of nutrients to ecosystems, is one of the most prominent forms of environmental change in the modern era (Bartsch 1970 , Vitousek et al. 1997 , Smith et al. 1999 . Over the past century, humans have nearly doubled the rate of nitrogen inputs into terrestrial ecosystems and ambient phosphorus concentrations have increased by 75% or more (Vitousek et al. 1997 , Bennett et al. 2001 , Canfield et al. 2010 . Excessive nutrient loading now ranks among the leading causes of biodiversity loss (Suding et al. 2005) and is the primary contributor to water pollution , Dodds 2006 ) and hypoxia in freshwater and marine habitats worldwide (Diaz and Rosenberg 2008) . While legislation in developed countries has led to far better controls on point sources of nutrient pollution during the past 40 years, nonpoint sources have continued to rise, exacerbating the environmental impacts (Bennett et al. 2001) . Given the global ecological and economic impact of these environmental problems (Dodds et al. 2008 ), a primary goal of modern environmental policy is to both predict and mitigate the excessive input of nutrient into ecosystems (Smith and Schindler 2009) .
Over the past 3-4 decades, a large amount of research has been dedicated to identifying which ecological variables can best predict the onset of, or recovery from, excessive nutrient loading. Much of this research can be broadly categorized into three general approaches. The first approach has attempted to identify individual species that are sufficiently widespread and sensitive enough to nutrient inputs that changes in their individual fitness, density, or geographic distribution might serve as a biological indicator of nutrient pollution (Dufrêne and Legendre 1997 , Simberloff 1998 , Caro and O'Doherty 1999 , Potapova and Charles 2007 , Fleishman and Murphy 2009 . Second, an equally large body of work has attempted to aggregate species into higher taxonomic groups (genera, families, etc.) or into functional groups that share certain biological traits Manuscript received 20 February 2012; revised 5 July 2012; accepted 10 July 2012; Corresponding Editor (ad hoc): W. K. (body size classes, growth forms, etc.), in order to determine which groupings show the most consistent responses to nutrient loading (Grime 1977 , Steneck and Dethier 1994 , Suding et al. 2005 . One final avenue of research has focused on how the properties of a whole community (e.g., species richness, community biomass, etc.) or ecosystem-level processes performed by those communities (e.g., ecosystem metabolism, nutrient cycling) respond to nutrient inputs (Cottingham and Carpenter 1998, Dodds 2006) . While each of these approaches has had some success, none have provided wholly satisfying predictions for the ecological impacts of nutrient fertilization. Because of this, there has been ongoing debate about which metrics and levels of ecological organization (populations, communities, or ecosystems) most strongly and consistently reflect the impacts of excessive nutrient loading (Vitousek et al. 1997 , Simberloff 1998 , Dodds and Welch 2000 .
Here we present the results of a comparative study in which we used a standardized assay to perform nutrient fertilization experiments simultaneously in 30 streams that were located in two distinct geographic regions of California, USA. We then assessed the significance, strength, and consistency of responses by stream periphyton biofilms to nutrient additions using a suite of taxonomic, functional, community, and ecosystem-level metrics. Specifically, we used nutrientdiffusing agar substrates to enrich local patches in a stream with nitrate and phosphate and then examined how fertilization influenced (1) rates of primary production (gross [GPP] and net [NPP] ) and community respiration by stream biofilms (which included both algae and heterotrophic organisms), (2) the total biomass, taxonomic diversity, and taxonomic composition of algal periphyton, and (3) the density of individual species of algae or of species joined into larger taxonomic groups (e.g., genera, families) or functional groups based on shared biological characteristics. With these data, we asked two questions: (1) Which variables respond significantly and consistently to nutrient augmentation across streams and geographic regions and (2) which variables have the strongest response to fertilization and highest variance explained? Our study offers a rare comparison of how a suite of ecological variables responds to nutrient enrichment across streams that vary in their species pools and abiotic characteristics.
MATERIALS AND METHODS

Study sites
During the summer of 2006, we conducted identical nutrient augmentation experiments in 30 streams that were located in two distinct ecoregions of California. Twenty streams were located in the eastern Sierra Nevada within the Mono, East Walker, and Crowley watersheds (labeled as M, EW, and C in Fig. 1 ; see Plate 1). This portion of the Sierra Nevada range (EPA Type III ecoregion 5) is characterized by a terrain that was strongly glaciated, is underlain by granite, and dominated by lodgepole pine, as well as fir and spruce at higher elevations. The other 10 streams were located in the coastal watersheds that flow from the Santa Ynez mountains of southern California into the Santa Barbara channel (labeled as SY and SB in Fig. 1 ). This area (EPA Type III ecoregion 6) is characterized by a mediterranean climate of hot, dry summers and cool, moist winters, and associated vegetative cover of chaparral and oak woodlands. We chose these two ecoregions primarily because of the history of research that has occurred in each region. In the Sierra Nevadas, we have completed a sequence of studies that have examined algal responses to nutrient loading (Cardinale et al. 2009 ). In the Santa Ynez, the University of California-Santa Barbara runs a Long Term Ecological Research (LTER) program with historical records on the physical, chemical, and biological characteristics of the streams. Thus, both regions have good historical information on stream nutrient levels and species composition, and this project was intended to augment ongoing work. Locations of the streams and detailed information on their physical and chemical properties are given in the complete data set (see Supplement).
Within each of these two ecoregions, we selected stream sites based on three constraints. First, it was necessary to choose streams that were located on private land for which we had permission to work or that were located in secure and remote locations so that experiments could run undisturbed by anglers or hikers during the roughly two-month duration of the nutrient incubations. This criterion precluded any type of random selection of streams. We have no reason to believe that the subset of streams ultimately selected for our study represents any type of biased subset, and we believe them to be representative of streams for each ecoregion as a whole. Second, with the aid of prior surveys and species lists Herbst 2003, Herbst and Blinn 2007) , we chose streams that represented a variety of different periphyton assemblages (differing levels of richness and varying types of dominant species) so that we could assess the consistency of responses to nutrients for different ecological communities. Third, we chose streams that spanned a representative range of ambient nutrient levels within each ecoregion so that we could assess the consistency of responses under contrasting nutrient regimes (see Appendix A for a figure that summarizes the range of ambient nutrient characteristics of the chosen streams). In the Sierra Nevada concentrations of nitrate ranged from 1.04 to 14.98 lmol/L with a lognormal median of 8.11 and concentrations of phosphate ranged from 0.03 to 12.82 lmol/L with a lognormal median of 1.89. In the Santa Ynez concentrations of nitrate ranged from 0.74 to 1263 lmol/L with a lognormal median of 52.5 and concentrations of phosphate ranged from 0.027 to 3.2 lmol/L with a lognormal median of 0.08.
Nutrient augmentations
Nutrient manipulations were conducted in each of the 30 streams using nutrient-diffusing substrata (NDS), which have been widely used as a standard assay for comparing the response of periphyton to nutrient additions across streams (Pringle and Bowers 1984 , Fairchild et al. 1985 , Francoeur 2001 , Tank and Dodds 2003 . Pictures and full details of the agar-filled NDS used in this study have been previously reported in Cardinale et al. (2009) and are reproduced here in Appendix A: Fig. A2 . Briefly, each NDS was composed of five L-shaped 500-mL polyvinylchloride (PVC) tubes that were embedded in a 42 cm wide 3 42 cm long 3 8 cm deep concrete block that was sufficiently heavy to keep the substrate flush with the bottom of streambed sediments in moderately high flows. Each L-shaped tube ended in a 12.56-cm 2 opening on the surface of the concrete block, which was the only exposed agar surface that allowed for periphyton growth. Each of the Lshaped PVC tubes on an NDS was randomly assigned to one of five nutrient treatments: no-nutrient controls (tube filled with 2% agar only) or four levels of N and P amended to the agar at a constant 16:1 molar ratio (NaNO 3 /K 2 HPO 4 added to the 2% agar at concentrations of 1.0 3 10 levels of agar concentrations yield nutrient diffusion delivery rates that range from ambient nutrient concentrations in each stream (controls) to one order of magnitude higher than what has been observed in either of the two regions (Lewis et al. 1999 , Sickman et al. 2002 ; see also Appendix A: Fig. A3 ). We chose to vary N and P in concert for two reasons. First, our goal in this experiment was to mimic the process of cultural eutrophication, which generally increases the availability of both N and P in most ecosystems (Ryther and Dunstan 1971 , Howarth et al. 1996 , Vitousek et al. 1997 , Dodds 2006 . Second, recent summaries of nutrient addition experiments suggest that algal communities most often exhibit joint responses to N and P and that single nutrient additions frequently underestimate the community-level response to fertilization (Francoeur 2001 ).
The NDS were deployed from 17 to 22 July 2006 (SY region) and from 24 to 28 July 2006 (SN region) and remained in the streams for 42 6 1 d (mean 6 SD; range 39-43 d) during a period of summer base flows (no major rain events or marked increases in discharge). Nutrient release rates measured on cores taken from the NDS at the end of the 42-d incubation period spanned almost an order of magnitude and were directly proportional to initial nutrient concentrations (Appendix A: Fig. A3 ).
Community metabolism
At the end of the 42-d experiment, we used light/dark incubations to measure changes in dissolved oxygen (DO) to estimate rates of net biofilm production (for ease of interpretation labeled NPP, although heterotrophs do exist within the biofilms) and respiration (R) (Odum 1956 , Marzolf et al. 1994 . The NDS were briefly removed from the stream so that 4.0 cm diameter 3 12.5 cm deep acrylic tubes fitted with a DC motor and stirring propeller could be sealed with vacuum grease to form an airtight chamber on the outside of each agar patch. Chambers were then filled with stream water that had been filtered through a 40-lm mesh. The entire substrate with metabolism chambers was placed in a water bath in an open-canopy area on the stream bank where water was constantly replaced with stream water using hand pumps so that incubations were performed at ambient stream temperature (deviation from initial stream temperature 0.58 6 1.08C). Biofilm community respiration on the nutrient patch (R) was measured as the amount of DO consumed during a 1-h incubation (using YSI model 556 probes; Yellow Springs, Ohio, USA) with water baths covered with a black tarp that precluded any exposure to light (which was verified using a handheld light meter). Net biofilm production (NPP) was then measured as the change in O 2 during subsequent 1-h incubations in ambient sunlight. Gross primary production (GPP) was calculated as the sum of R and NPP. While all metabolic measurements were intentionally conducted on cloudless days under ambient sunlight, we did measure photosynthetically active radiation (PAR) using a handheld light meter to account for potential variation in light levels among sampling dates. We describe how we handled this potential covariate statistically later in Statistical analyses.
Algal biomass and species identifications
To characterize the composition and richness of potential algal colonist species in each stream, we selected an arbitrary but consistent number (N ¼ 10) of median-sized rocks (d 50 ; 50 mm) from a minimum of two riffles upstream of our experimental site and removed periphyton from a 12.56-cm 2 surface area on each rock using a knife and/or toothbrush, pooling samples into a composite that was preserved in 2% formalin for algal identifications and enumeration. Periphyton samples were then collected from each nutrient-diffusing agar by removing the top 1-mm layer of agar with a razor knife. This layer was divided into two subsamples, the first preserved in 2% formalin as above for algal identifications and enumeration. The second subsample was preserved in a 15-mL low-density polyethylene conical centrifuge tube with 10 mL of 90% EtOH, which was then transported to the laboratory on ice, frozen (À208C) to lyse algal cells for 7-28 d, then analyzed spectrophotometrically (trichromatic method with acidification, DU 800 Spectrophotometer; Beckman Coulter, Brea, California, USA) to quantify the amount of chlorophyll a as a measure of algal biomass (Steinman and Lamberti 1996) . Samples for algal identifications and enumeration were examined at 10003 magnification using oil immersion on an Olympus BX50 microscope (Olympus America, Center Valley, Pennsylvania, USA) under bright field illumination. Species richness in each sample was estimated by scanning slides systematically until no new taxon was found in 10 subsequent transects (i.e., until a species sampling curve was confirmed to reach saturation). Taxa were identified to the lowest taxonomic unit possible during enumeration (usually species). Algal identifications were made from preserved specimens. In rare cases in which there was any doubt about species assignment (,10 of 493 species), taxa were assigned to a genus and differentiated as morphospecies. Species abundances were calculated by enumerating all live cells (with an intact chloroplast) from a known volume (minimum 300 cells on each slide) and then calculating areal estimates of density. Total algal biovolume, a second measure of algal biomass, was estimated by measuring the cell dimensions of ;10 individuals from each species and fitting these to known geometric shapes (Hillebrand et al. 1999) . Biovolumes were summed across all individuals and species in a sample to obtain a community-level biovolume.
Algal functional and taxonomic groups
Algal species were classified according to the June 2009 versions of the Integrated Taxonomic Information System (available online) 4 and AlgaeBase (available online).
5 Taxonomic groupings were generated at all higher levels of organization (genus, family, etc.) using these identifications and were analyzed for nutrient response in absolute densities. Each of the 493 species that were identified during our experiments was assigned to functional groupings based on similarities in life history traits or previously documented associations with nutrient concentrations (summarized in Appendix B). These functional groupings included growth morphology (unicellular, filamentous, or colonial), cell size (nano-, micro-, or macro-algae; 2-20 lm, 20-200 lm, and .200 lm diameters, respectively; Dussart 1965), and ability to fix nitrogen (DeYoe et al. 1992) . Diatoms were further grouped according to their potential to be indicators of high or low N or P based on prior studies that have detailed North American species distributions along gradients in total phosphorus (TP) and nitrogen (TN) (Potapova and Charles 2007) . Species that did not clearly fit into any particular group were assigned the status of ''unknown'' in each category, and these were excluded from analysis for that particular functional classification.
Environmental covariates
At the beginning and end of each experiment, we measured ambient levels of light (Apogee Quantum light meter; Apogee Instruments, Logan, Utah, USA), canopy cover above the streambank (handheld densitometer; Forestry Suppliers, Jackson, Missouri, USA), flow (Sontek Acoustic Doppler velocimeter; Sontek, San Diego, California, USA), and stream width (tape measure) as these parameters have a high likelihood of covarying with the response variables in which we were interested (see Cardinale et al. 2009 ). Because the response of algae to nutrient enrichment is known to depend on ambient nutrient concentrations (Welch et al. 1988 , Dodds et al. 2002 , we also measured ambient stream dissolved inorganic nutrient concentrations at the end of each experiment by collecting water samples and filtering them through Whatman GF/F filters (nominal pore size 0.7 lm). These samples were frozen and later analyzed for concentrations of ammonium, nitrate (including nitrite), and orthophosphate on a flow injection autoanalyzer (Quickchem 8000; Lachat Instruments, Loveland, Colorado, USA) at the University of California at Santa Barbara Marine Science Institute Analytical Laboratory. Because ambient ammonium levels were consistently below limits of detection, we calculated stream ambient nutrient ratios using only the ratio of nitrate to orthophosphate.
Statistical analyses
We used mixed-effect general linear models (GLMs) to analyze the relationship between agar nutrient concentrations and the suite of individual response variables considered across all streams and both ecoregions. The suite of ecosystem, community, and functional response variables are summarized in Table 1 , and the longer list of taxonomic response variables are provided in Appendix C. Our models were constructed identically to those reported by Cardinale et al. (2009) except that ecoregion (SY or SN) was included as a fixed effect to test for regional variation in responses. In addition, an interaction term between nutrient concentration and ecoregion was included to test for regional variation in the slope of nutrient responses. Thus, all models took the general form
where y ij is the dependent variable for experimental unit j from stream i, b are the parameter estimates associated with each independent variable, b i is the random effect associated with different stream sites i, and e ij is the residual error. If nutrient concentration was significant in the full model (reported as P Nu , 0.05) and the nutrient 3 ecoregion interaction was not significant (P Nu3Rg . 0.05), we considered the response to be consistent across ecoregions. Whenever this was the case, only the singular mixed-model parameters are reported. If the interaction term was significant (P Nu3Rg , 0.05) then results for separate models in each ecoregion were summarized (SN and SY); if neither term was significant (P Nu . 0.05 and P Nu3Rg . 0.05) then this indicates no response to nutrient augmentation.
There are two modifications of the GLM analyses described above that warrant mention. First, because species richness proved to be a concave-down function of nutrient enrichment and did not fit a linear model, we modified the GLM for this particular variable to have a quadratic term. In doing so, we followed the approach of Cardinale et al. (2009) who both standardized and centered species richness at zero to minimize covariance between the linear and quadradic terms, thus providing better estimates of the curvilinearity. We only analyzed density responses with mixed models for taxonomic or functional group populations that we deemed sufficiently widespread (defined as those found on !50% of the NDS agars in both ecoregions); for taxa that did not meet this criterion, we felt that data were insufficient to generate robust statistical models.
The elevated probability of making Type I errors when multiple tests are run (as in the case of testing hundreds of taxa for responses to nutrients) increases the likelihood that the few taxa that are identified as exhibiting statistically significant responses to nutrients are erroneously identified. Controlling the family-wide error rate with a correction to alpha (e.g., Bonferroni ) or controlling the false discovery rate (FDR) using a method such as that recommended by Storey and Tibshirani (2003) , which we have applied in similar studies testing many taxa (e.g., Huang et al. 2011) , would have minimized this possibility. However, these types of corrections were inappropriate for this data set because we are explicitly comparing the consistency of responses across multiple ecological levels (each of which have different numbers of tests) and we ultimately feel that the need to control Type I errors is less critical than maintaining a standardized statistical comparison across metrics.
Many environmental parameters other than simply nutrient enrichment (e.g., light, cover, flow, width, and ambient nutrients) have the potential to influence the response variables measured in this study. It would be impractical, if not impossible, to statistically control for all of these potential covariates in any one analysis, as the amount of data required to do so would be orders of magnitude greater than the 30 streams included in our study. We instead ran additional GLM models that examined each environmental variable separately as a fixed covariate to determine which, if any, had potential to alter our conclusions. We then summarized statistically significant differences in the models and their effects on the interpretations of the results where necessary.
The goal of the GLMs described here was to examine the significance and consistency of responses across streams and geographic regions. While these broader analyses allow us to describe the ''general'' trends across streams, they ignore the variation that occurs within streams. Therefore, we complemented our construction of GLMs with a second set of analyses in which we examined the strength of response by each variable within individual streams, as well as the consistency in response within streams. To do this, we used linear regressions to quantify the slopes and coefficients of determination (r 2 values) describing the response of each variable to nutrient fertilization in each of the 30 streams. We then examined the frequency distributions of relative change (slope : intercept) to assess the strength of response and used a Wilcoxon signed-ranks test to determine whether mean relative change differed from zero. We relativized the slopes to each stream intercept in order to have an unbiased metric comparable among streams and ecosystems with widely varying levels of response variables in the ambient environment. We similarly examined the frequency distribution of r 2 values to assess the consistency of each response variable within individual streams. Lastly, to test whether algal species composition differed among streams, treatments, and ecoregions, we calculated Sorensen distances Background levels of GPP varied widely among streams (note variation in intercepts in Fig. 2A ), and responses of GPP to nutrient augmentation ranged from positive to negative in individual streams (note variation in the slopes for individual streams, gray lines). After accounting for random variation in the responses among streams, results of a mixed-model ANOVA suggested that mean levels of GPP did not vary as a function of nutrient enrichment (P Nu ¼ 0.10; dark solid line in Fig.  2A ; Table 1 ). There was also no evidence that the
FIG. 2. Responses of ecosystem-level variables to nutrient enrichment across all streams. Relationships between (A) gross primary production (GPP), (B) net primary production (NPP), (C) respiration (R), and (D) GPP :
R as a function of enrichment rate of nutrients. Nutrient concentrations are reported as initial nutrient-diffusing substrata (NDS) concentration of molar nitrate (with orthophosphate amended also at constant 16:1 N:P ratio); log-transformed values were originally measured in mol/L. Gray lines represent the regressions for each of the 30 streams; each symbol represents a single observation. The heavy black line and equations in each plot give the best fit from a mixed-effects general linear model that uses maximum likelihood to estimate parameter values after accounting for the random variation among streams. Solid circles represent ecoregion SY, and open circles represent ecoregion SN (see Fig. 1 for locations) .
response of GPP to nutrient augmentation differed among ecoregions, as evidenced by the lack of a nutrient 3 ecoregion interaction (P Nu3Rg ¼ 0.40; Fig. 2C ). When GPP was standardized relative to R (GPP : R) to give an index of metabolic balance, values ranged from 0.07 (indicating net heterotrophic activity) to 5.05 (indicating net autotrophic activity) with median values of 1.17 in both ecoregions. The ratio GPP : R increased significantly with nutrient augmentation (P Nu ¼ 0.04; Fig. 2D , Table  1 ), and the response was consistent among ecoregions (P Nu3Rg ¼ 0.32; Table 1 ). When background nutrient concentrations were included as covariates, the response of all ecosystem productivity parameters (NPP, GPP, and GPP : R) to nutrient augmentation strengthened in significance or transitioned from being marginally significant to having P Nu , 0.05 (Table 1) , while respiration response was unaffected by the addition of background nutrients as a covariate (Table 1) . Algal biomass.-Background levels of chlorophyll a spanned almost three orders of magnitude among the streams (see intercepts in Fig. 3A ; note log 10 scale). The amount of chlorophyll a increased with nutrient augmentation in the Sierra Nevada streams (P NuSN , 0.01, slope 0.083; Fig. 3A ), but did not vary with nutrient enrichment in SY streams (P NuSN ¼ 0.49). A second metric of algal biomass, community biovolume, also tended to increase with nutrient enrichment in SN streams (P NuSN ¼ 0.04, slope 0.075; Fig. 3B ), but showed a marginally significant negative response in SY streams (P NuSY ¼ 0.06, slope À0.114; Fig. 3B ). Thus, the response of algal community biomass to nutrient enrichment was not consistent among ecoregions. In addition, trends for the two most commonly used metrics of algal biomass (chlorophyll a and community biovolume) were not necessarily consistent with one another. When stream ambient nutrient concentrations were included as a covariate in models, chlorophyll a remained statistically significant with respect to nutrient augmentation and both chlorophyll and biovolume no longer exhibited variation among regions (P Nu3Rg . 0.05; Table 1 ).
Algal richness and evenness.-We identified between 33 and 139 species of algae on natural substrata in the streams, which we refer to as the ''colonist pool.'' We found a general concave-down relationship between nutrient concentration and the proportion of species from the colonist pool that were found on individual agars (P Nu , 0.01 for centered polynomial term log [N] 2 ; Table 1 , Fig. 4A ). This relationship was consistent among the two ecoregions (P Nu3Rg ¼ 0.54, Table 1 ). The second aspect of diversity, species evenness, declined as nutrient concentration increased (P Nu ¼ 0.03; Table 1 , Fig. 4B ), and this decline was consistent in both ecoregions (P Nu3Rg ¼ 0.13; Table 1 ). When ambient nutrient concentrations were included as a covariate, both richness and evenness remained significant (P Nu , 0.03; ; nutrient concentration, mol/L. Because mixed models indicated a significant interaction term (ecoregion 3 nutrient), separate models are fit and reported in the figure for each ecoregion, with the doubledashed lines representing ecoregion SY and the single-dashed lines representing ecoregion SN (see Fig. 1 for locations) . Other details are as in Fig. 2. rus (TN , 200 lg/L and/or TP , 10 lg/L; Potapova and Charles 2007) showed a decrease in population density as nutrient enrichment increased (P Nu , 0.01 and P Nu ¼ 0.05, respectively; Table 1 ). These responses were consistent across ecoregions. In contrast, diatom taxa that have previously been associated with high N or P did not show a consistent response to nutrients either within or across regions (P Nu . 0.47; Table 1 ).
Functional groups based on algal cell size showed variable responses to nutrient enrichment among ecoregions (P Nu3Rg 0.01; Table 1 ). Density of nano-sized algae increased with nutrient enrichment in the Sierra Nevada streams (P NuSN ¼ 0.02) but declined in the Santa Ynez (P NuSY ¼ 0.04). Density of micro-sized algae similarly decreased with nutrient enrichment in the Santa Ynez streams (P NuSY ¼ 0.05) but did not respond to nutrients in the Sierra Nevadas (P NuSN ¼ 0.21). Functional groupings of algae defined by cellular growth form did not exhibit any significant response to nutrient augmentation in either ecoregion (Table 1) . Lownutrient indicator diatom groupings maintained a significant response to nutrient enrichment after inclusion of ambient inorganic N:P as a covariate (P Nu , 0.05), but other functional groups showed no significant response to nutrient enrichment (either within or between systems) when N:P ratio was included as a covariate (P Nu . 0.05 and P Nu3Rg . 0.05; Table 1) .
Algal taxonomic groups.-We identified a sum total 493 species from the 30 streams. Of these, 87% were diatoms (Bacillariophyta). Multivariate community analysis indicated that species found on natural substrates and on nutrient agars grouped distinctly by stream (MRPP A ¼ 0.21, P , 0.001) and by ecoregion (MRPP A ¼ 0.03, P , 0.001). In contrast, there was no consistent grouping associated with a particular nutrient enrichment (our agar treatments) across streams or among regions (MRPP P . 0.6). As a result, our treatments of nutrient enrichment explained almost no variation in the composition of species among streams. Instead, nearly all of the variation in species composition was due to streams and ecoregions having unique species pools.
Because nutrient enrichment explained little variation in species composition, few species found on the nutrient agars were sufficiently cosmopolitan (i.e., found in at least half of the samples from each region) to evaluate their response to fertilization (analyses could be run on just 33 species). Changes in cell densities with nutrient enrichment were either nonsignificant or inconsistent among regions for 31 of these 33 species (Appendix C). Only two species showed a consistent response among streams and ecoregions. The density of Epithemia sorex consistently decreased with nutrient augmentation (P Nu ¼ 0.04, Appendix C), whereas the density of Cylindrospermum spp. consistently increased (P Nu ¼ 0.05; Appendix C). As noted in Materials and methods, the elevated probability of making Type I errors when multiple tests are run (as in the case of testing hundreds of taxa for responses to nutrients) increases the probability that the sole two species that showed statistically significant responses to nutrients actually did not show significant responses because their P values are very near our alpha threshold of 0.05. When we organized species into higher taxonomic levels, we similarly found a relatively small number of consistent responses to nutrient augmentation. Of the three dominant phyla (Bacilliarophyta, Chlorophyta, and Cyanobacteria), none showed any consistent response to nutrient augmentation (Appendix C). Only two of six classes of algae (Coscinodiscophyceae and Fragilariophyceae), five of 16 orders, and five of 22 families showed a consistent response to nutrient augmentation (P Nu , 0.05; Appendix C), but the direction of these responses were varied. Of the genera identified, only three were found in .50% of samples from each region: Cocconeis, Navicula, and Nitzschia. Of these, only Cocconeis showed a consistent response to nutrients in either region (P Nu , 0.05; Appendix C). Taxonomic groups showed no significant response to nutrient enrichment (either within or between systems) when N:P ratio was included as a covariate (P Nu . 0.05 and P Nu3Rg . 0.05; Table 1 ).
Statistical control for covariates.-In additional GLM models incorporating physical and chemical covariates, the only environmental factors that influenced model conclusions were those describing ambient stream nutrient concentrations as noted in respective sections above (Table 1 , Appendix D; ambient concentrations of N and P and the nutrient ratio N:P exhibited similar influence on model outcomes). When background nutrient concentrations were included as covariates, PLATE 1. A stream sampled in this study in the Long Valley Caldera of the eastern Sierra Nevada (USA). This reach is lower Mammoth Creek ( just above the confluence with Hot Creek), with the Glass Mountains in the background. The inset shows a microscopic overlay of four representative diatom genera from samples collected in the Sierra Nevada for this study: two Pinnularia and one each Cymbella, Diatoma, and Stephanodiscus. Photo credits: D. M. Bennett. the response of all ecosystem productivity parameters (NPP, GPP, and GPP : R) to nutrient augmentation strengthened in significance or transitioned from being marginally significant to having P Nu , 0.05; there was no effect on biofilm respiration significance. All community-level responses that had been significant (richness, evenness, and chlorophyll a) remained significant (P Nu , 0.03) and community-level responses that showed significant regional variation (biovolume and chlorophyll) no longer had a significant nutrient 3 region interaction term. With the exception of lownutrient indicator diatom groupings, which maintained a significant response to nutrient enrichment after inclusion of ambient inorganic N:P as a covariate (P Nu , 0.05), taxonomic and functional groups showed no significant response to nutrient enrichment (either within or between systems) when the NO 3 À :PO 4 3À ratio was included as a covariate (P Nu . 0.05 and P Nu3Rg . 0.05). Thus, accounting for the covariates that were available only served to strengthen our original conclusions.
Potential for nonlinear response.-It is possible that the structural and functional responses of periphyton communities to nutrient loading are nonlinear. Nonlinearities have the potential to lead us to incorrect conclusions if, for example, the functional relationship follows a second-order polynomial and is concave-down (as might be characteristic of nutrient inhibition at high levels). To address this possibility, we ran polynomial models (of the form
where x is the nutrient concentration, k is the random effect of stream, and e is the unexplained error and compared the significance of the second-order polynomial term b 2 x 2 ) on all ecosystem-process and community-level variables (NPP, GPP, R, P : R, evenness, richness, chlorophyll, biovolume) as well as the two functional groups that were significant in linear models (low N and P diatom indicator functional groups; Table 1 ). For all of these, the second-order term that indicates nonlinearity was nonsignificant (P . 0.2) with the exception of biovolume. Biovolume was not significant in linear models (P ¼ 0.66) and clearly had a significant concave-down polynomial (P ¼ 0.023) that remained significant when N:P was included (P ¼ 0.048). Because chlorophyll concentrations did not follow a similar polynomial trend, this suggests that cell volume metrics and chlorophyll are not measuring the same properties.
Question 2: Which variables respond to nutrients most strongly, and do these have a high explanatory power?
To assess the relative strength of response by each variable in each stream we divided the slope that quantifies the response of each variable to nutrient augmentation by the intercept that gives ambient levels of each variable in the absence of any nutrient addition. This metric gives a relative change per unit nutrient enrichment that can be readily compared among variables and across streams (Fig. 5A) . Rates of productivity increased with nutrient amendment (NPP by 10.8%, GPP by 0.8%, and GPP : R by 1.2% on average), and all were significantly greater than zero (P , 0.05). Chlorophyll concentrations increased by 6.24% and species evenness declined 5.1% on average with each log increase in nutrient enrichment. The mean change in respiration and the mean change in community biovolumes did not differ from zero (Wilcoxon signedranks test; P . 0.05). The only other variables with a mean relative change that was different from zero were the functional group of low-nitrogen indicator diatom taxa, which decreased in density by an average of 1.37% (P ¼ 0.04), and the order Naviculales, which increased in density by an average of 1.35% (P , 0.01).
To quantify the explanatory power of the response variables, we summarized the coefficients of determination (r 2 ) showing how much variation was explained by the nutrient treatments within each stream. The distribution of N ¼ 30 coefficients is given for each variable in Fig. 5B . Most response variables had relatively low explanatory power, with median coefficients of determination that were ,0.35. The only notable exceptions, with median coefficients that were .0.45, were a suite of functional and taxonomic variables that included the densities of unicellular algae, Bacillariophytes, microalgae, and taxa that do not fix nitrogen. Species richness also had relatively high median coefficients of determination (r 2 ¼ 0.57; note that these values are not directly comparable to the linear models because of their quadratic structure).
DISCUSSION
Given the widespread nature and economic significance of eutrophication, ecologists and ecosystem managers have increasingly worked to develop effective programs for rapid detection of the effects of nutrient fertilization, as well as monitoring schemes to document recovery once nutrient pollution is detected and curtailed (Smith and Schindler 2009) . While it would be preferable to take a multivariate approach to detection and monitoring of excessive nutrient loading, the unfortunate reality is that we lack funding, time, and personnel to monitor a large number of ecological parameters in all systems of concern. Limited availability of resources is why ecologists have spent considerable time and energy searching for ''ecological indicators,'' that is, the subset of variables that are best able to detect change in response to stressors such as nutrient enrichment (Niemi and McDonald 2004) . The desirable characteristics of indicators are relatively easy to agree on: a good indicator will consistently detect change across time and space, be sufficiently sensitive that it can reliably signal a response when a perturbation has occurred, and have a high signal-to-noise ratio so that the response can be detected against the backdrop of natural variation (Kelly and Harwell 1990 , Cairns et al. 1993 , McCormick and Cairns 1994 , Cottingham and Carpenter 1998 . But which variables best meet these criteria is not always clear.
To make choices more clear, it has been argued that we need more systematic evaluation of candidate indicators that are measured concurrently in the same system, under the same conditions, thus allowing for a direct comparison of their performance (Cottingham and Carpenter 1998) . In this study, we used a standardized nutrient-diffusing assay to perform identical fertilization experiments in 30 streams spanning two geographic regions. We then used identical methods and analyses to quantify changes in (1) the density of individual species, (2) aggregated measures of populations into higher trophic or functional groups, (3) community properties like diversity and biomass, and (4) ecosystem-level processes such as metabolism. This allowed us to assess not only which variables show a significant response to fertilization, but which metrics exhibit the most consistent responses across streams and geographic regions and which have the strongest responses with the highest explanatory power.
When considering all criteria simultaneously (strength of response, consistency of response, and variation explained), several ecosystem process response variables measured in this study (net and gross primary production and GPP : R) ranked among the better indicators of fertilization. After statistically controlling for background nutrient concentrations in a stream, all of these variables showed a significant, positive response to nutrient enrichment (Table 1) , with responses that were consistent across two ecoregions that differed considerably in algal species composition. The response of select variables (namely NPP) was also strong in magnitude within individual streams (Fig. 5A) , even though measurements were characterized by high variability (Fig. 5B) . However, the short duration (;1 month) of our study, while longer than most experiments, may limit applicability of our conclusions to situations of acute nutrient stress, whereas streams with chronic nutrient stress may have the potential for alternate community adaption on longer timescales with different response profiles.
Responses of the ecosystem processes to nutrient loading in our study are qualitatively consistent with those of others who have looked at the impacts of nutrient loading on ecosystem-level processes. For example, Johnson et al. (2009) used diffusing substrates to measure the response of community respiration (R) and gross primary production (GPP) to nutrient enrichment in 72 streams in the United States and Puerto Rico that were part of the Lotic Intersite Nitrogen Experiment II (LINXII). While the levels of metabolism measured in their study were an order of magnitude higher than those measured in ours, the authors found high consistent responses of R across nearly all ecoregions and responses of GPP across half (Johnson et al. 2009 : Fig. 3) . The authors concluded that measures of biofilm metabolism were generally a sensitive indicator of water nutrient concentrations.
Community-level properties showed highly mixed success in our study. Chlorophyll a, perhaps the most widely used measure of algal biomass (Wetzel and Likens 2000) , showed a consistent positive response to nutrient enrichment after background levels of nutrients were controlled for statistically (Table 1) . Community biovolumes, a more labor-intensive and presumably more accurate estimate of biomass (Hillebrand et al. 1999) , showed a qualitatively different response to fertilization in the two ecoregions and no response after controlling for ambient nutrient levels (Table 1) . Species richness showed a general unimodal response to nutrient enrichment (the commonly documented hump-shaped curve; e.g., Waide et al. 1999 , Cardinale et al. 2009 ). Evenness consistently declined with enrichment (Table  1) , and the response was strong in individual streams (Fig. 5A) . For many years, it has been argued that a reduction in biological diversity should be one of the most sensitive and early warning signs of an ecosystem's response to stress (Odum 1985 , Rapport et al. 1985 , and our results generally support this idea. Even so, we are broadly skeptical that species richness can be a useful indicator of nutrient enrichment anytime it follows a polynomial function since, by definition, this implies that even the qualitative response (þ, 0, À) depends on the level of enrichment. On the other hand, increased dominance and reduction in species evenness appear to be very general responses to fertilization that have been observed in a number of ecosystems .
In contrast to community and ecosystem-level measures, the densities of individual species were generally poor indicators of fertilization response. Of the 493 species of algae identified in this study, only a small fraction (33) were sufficiently widespread that we could examine the generality of responses to fertilization across streams. Of these, only two taxa showed any consistent response to enrichment across ecoregions (Appendix C). Our inability to identify much consistency in the species-level information contrasts with work that has led to useful management tools based on indicator taxa (Pan et al. 1996 , Menetrey et al. 2005 , Potapova and Charles 2007 , Donohue et al. 2009 ). Clearly, the limitation to using species-level data in our study was the high turnover of taxa among streams, and the restriction of our study to just two ecoregions hampers our ability to conjecture on whether this high turnover is a common feature of regional analyses. For streams in the Sierra Nevada ecoregion, we have previously shown that the vast majority of variation in algal community composition is explained by differences among streams, which have a mean Sorensen dissimilarity index of 0.90 (i.e., each stream's species pool was somewhat unique; Cardinale et al. 2009 ). While development of indicator taxa has been advocated in regionalized efforts to monitor water quality (Potapova and Charles 2007) , high variation in the presence/ absence of species across geographic locations is a known impediment to using population-level responses as ecological indicators Cairns 1994, Cottingham and .
Aggregating species into functional groupings produced just one clear response to fertilization: when diatom species were grouped according to previous classifications that have associated species with low vs. high levels of TN and TP in U.S. streams (Potapova and Charles 2007) , we found that density of the groups associated with low nutrient levels did, in fact, consistently decline as a function of fertilization (Table 1) . On the other hand, diatoms that have previously been associated with high N or P did not show any consistent response to nutrient enrichment (Table 1) , which emphasizes that these classifications were not entirely predictive of responses to nutrients in the areas where this study was performed. Aggregating species populations into higher taxonomic groupings produced little additional insight. None of the phyla revealed any consistent response to fertilization. When species were organized into classes, orders, or families, a relatively small number of groupings led to significant responses that were consistent across ecoregions (Appendix C). Of these, only one was robust across the taxonomic hierarchy (Fragilariophyceae). As such, we had very limited success in consistently documenting a response to fertilization using approaches that aggregate species populations into higher taxonomic groups or into previously used functional classifications.
Certain conclusions from our study appear to contrast with a common, qualitative view of aquatic ecosystems that suggests species population sizes will be very sensitive to ecosystem stress, whereas community and ecosystem-level properties will be ''buffered'' against change by the redundancy and compensatory responses among species (Odum 1985 , Schindler 1990 , Frost et al. 1995 . In contrast, we would generally rank the ability of the different metrics measured in this study to quantify responses to fertilization as ecosystem . community . taxonomic ¼ functional metrics. Of course, this ranking is a crude generality that ignores many details and much variation in the responses of different variables. It is worth noting that there was no single measurement that showed a response to nutrients consistently across all streams, and no single variable simultaneously maximized all desirable properties of a good indicator. As such, there was no ''silver bullet'' for detecting ecological changes driven by fertilization.
Even so, it is clear that certain types of measurements were more sensitive and reliable than others. Whether or not our results and conclusions generally apply to streams in other regions is uncertain, and our study spanned only two ecoregions, making the assessment of consistency across ecoregion limited in scope. But the value of our study is that it offers a rare opportunity to gauge the performance of different metrics under comparable conditions.
